Background: The association between systolic blood pressure (SBP) and all-cause mortality in Chinese adults remains unclear. This study aimed to identify the relationship of SBP with all-cause mortality in Chinese men and women. Methods: One hundred twenty-one thousand eighty-two employees of the Kailuan Group Corporation, aged 18 or older, who participated in physical examination from 2006 to 2007 or from 2008 to 2009, were enrolled and followed up for all-cause mortality. The information used to ascertain the outcome of death during follow-up was extracted from provincial vital statistics offices, hospitalization records from the 11 hospitals, or medical records from medical insurance companies. Results: The average age was 50.06 ± 12.85 in the overall sample. Over 7 years of follow-up, 5945 participants, including 5520 men and 425 women had all-cause mortality. After multivariate adjustment, men in SBP group of <100, 120-139, 140-159, 160-179 and ≥180 mmHg had hazard ratios (HR) of 1.46 (1.14-1.86), 1.14 (1.04-1.26), 1.29 (1.16-1.44), 1.57 (1.38-1.79) and 2.07 (1.76-2.43), respectively, and displayed significantly increased risk of all-cause mortality compared to those with SBP in the range of 100-119 mmHg. Compared with the group of 100-119 mmHg, women in SBP group of 140-159, 160-179 and ≥180 mmHg had significantly greater risk with HRs of 1.44 (95% CI, 1.01-2.07), 1.63 (95% CI, 1.04-2.55) and 2.31 (95% CI, 1.27-4.20). Conclusions: Either lower (<100 mmHg) or higher (>120 mmHg) SBP was associated with an increased allcause mortality risk and a J-shaped relationship was observed between SBP and all-cause mortality in men. Only SBP exceeding 140 mmHg was related to a higher risk in women. The relationship between SBP and all-cause mortality among Chinese adults may differ by sex.
Background
High blood pressure is the most common noncommunicable disease encountered in primary care that leads to complications such as cardiovascular diseases, chronic kidney disease and death [1] . The number of deaths due to cardiovascular diseases, probably caused by hypertension, accounted for almost a third of the global number of deaths in 2013 [2] . Moreover, a systematic analysis of the Global Burden of Disease Study reported that hypertension caused 37.9 million disability adjusted life years (DALYs) in Chinese population, including 2.3 million years lived with disability and 35.6 million years of life lost, which represented 12% of the overall DALYs in 2010 [3] .
Up to date, the issue on the potential relationship of all-cause mortality with systolic blood pressure (SBP) remains controversial. The sixth report of the Joint National Committee on the Detection, Evaluation, and Treatment of Hypertension (JNC/6) recommended that optimum systolic blood pressure should be <120 mmHg [4] . The JNC/7 stated that the relationship between blood pressure and risk of cardiovascular events is continuous, consistent, and independent of other risk factors [5] , which was based on the general belief that there is an inherent relationship between SBP and the risk of cardiovascular diseases [6] . Indeed, the concept that cardiovascular and all-cause mortality depend on SBP, in a monotonically increasing manner, was mainly derived from the utilization of linear logistic regression to estimate their relationship. Keys [7] , however, argued that the relationship of total death and death due to coronary heart disease with SBP in men is non-linear, which was contrary to the result of Framingham's study [6] . Furthermore, it was suggested that low SBP was associated with excess mortality, particularly for the elderly patients and patients with poor left ventricular function or with overtreatment [8] [9] [10] [11] . Thus, a U-curve relationship was observed. The above conclusions were largely based on the population of Western countries, whereas data on the association between SBP and mortality among Asian population are limited.
A J-shaped association between lower SBP and allcause mortality was previously shown in old and middle-aged Korean men [12] . Previously, the Shanghai Women's Health Study indicated that SBP was positively correlated with all-cause mortality among Chinese women [13] . However, this cohort only included female participants. The relationship between SBP and mortality may differ by sex but its exact nature remains unclear among Chinese. Therefore, it is fundamental to seek for further evidence of the link between SBP and all-cause mortality among Chinese adults. To the best of our knowledge, no report on the J-shaped relationship between SBP and all-cause mortality in a large and relatively healthy population in China has been published so far. In addition, blood pressure of Chinese individuals may be different from that of individuals from other countries because of other behaviors and risk factors including smoking status, body mass index, physical activity, healthy dietary score, total cholesterol and fasting blood glucose [14] . Figuring out the definite threshold will be valuable for setting a SBP goal for Chinese hypertensive patients. Therefore, in this study we conducted a prospective analysis on a Chinese population in order to examine the relationship between SBP and allcause mortality.
Methods

Study participants
In this study, a cohort of 126,847 working and retired employees of Kailuan Corporation in Tangshan was followed up for the occurrence of all-cause mortality. Tangshan is a large and littoral modern city located in the southeast of Beijing (China). The participants underwent medical examinations at the Kailuan General Hospital or its 10 affiliated hospitals in 2006 or in 2008. The employees were included in the study population if they met the following criteria: aged 18 years or older; having completed personal information and blood pressure data. Those with a history of stroke, myocardial infarction or cancer at baseline and without complete data related to the study were excluded. The average age was 50.06 ± 12.85 in the included participants. Written informed consent was obtained from each participant or its legal representative. The study was performed according to the guidelines of the Helsinki Declaration and was approved by the Ethics Committee of the Kailuan General Hospital.
Data collection
Participants' general data, including age, sex, education level, physical activity, alcohol intake, smoking status and history of hypertension, coronary heart disease, stroke, diabetes mellitus and use of antihypertensive drugs, were obtained via questionnaires administered by professional doctors at baseline. Height and body weight were also measured and body mass index (BMI) was calculated using the formula BMI = weight (kg)/ height (m 2 ).
Blood pressure measurement
Following the standard recommended procedures, SBP and diastolic blood pressure (DBP) were measured on the right upper arm of participants using a standardized mercury sphygmomanometer by a trained doctor after the participants avoided smoking or drinking coffee or tea for at least 30 min and had rested in sitting position for 15 min. The first and fifth Korotkoff sounds were recorded as SBP and DBP, respectively. Two readings each of SBP and DBP were taken at a 5-min interval. If these two readings differed by more than 5 mmHg, an additional measurement was performed. The average of these readings was considered as the examination BP.
Biochemical measurements
Blood samples from participant's antecubital vein were collected in EDTA tubes after an overnight fast. Plasma samples were separated by centrifugation at 3000 g for 10 min (centrifuge radius of 17 cm) at room temperature. The supernatant serum was decanted and used for measurements within 4 h. Measurement of fasting blood glucose (FBG) was performed using hexokinase/glucose-6-phosphate dehydrogenase method. Triglyceride (TG), high-density lipoprotein cholesterol (HDL-C) and lowdensity lipoprotein cholesterol (LDL-C) were enzymatically examined (inter-assay coefficient of variation <10%; Mind Bioengineering Co. Ltd., Shanghai, China). Highsensitivity (hs)-CRP was examined using high-sensitivity nephelometry assay (Cias Latex CRP-H, Kanto Chemical Co. Inc., Tokyo, Japan). An automatic biochemical analyzer (Hitachi 747; Hitachi, Tokyo, Japan) was used for measuring all biochemical variables at the central laboratory of the Kailuan General Hospital [14] .
Study outcomes
The follow-up began with the baseline examination from 2006 or 2008 through to December 31, 2014 or to the date of mortality or loss to follow-up. During follow-up we telephoned the participants to participate in the medical examinations in hospital. All participants were under continuous surveillance for incidence of all-cause mortality. Information used to ascertain the outcome of death during follow-up was extracted from provincial vital statistics offices, hospitalization records from the 11 hospitals, or medical records from medical insurance companies annually [15] .
Statistical analysis
Statistical analyses were conducted using SPSS 13.0 software (SPSS, Chicago, IL, USA) and the open source statistical software package R (version 3.20). Participants were classified into six groups based on SBP at baseline (group Q1 (SBP <100 mmHg); group Q2 (SBP 100-119 mmHg); group Q3 (SBP 120-139 mmHg); group Q4 (SBP 140-159 mmHg); group Q5 (SBP 160-179 mmHg) and group Q6 (SBP ≥180 mmHg)). Continuous variables were expressed as mean ± standard deviation (SD) and compared using one-way analysis of variance for unpaired samples of normally distributed parameters. Skewness distributed data (such as TG and hs-CRP) were converted by logarithmic transformation. Categorical variables were described by absolute numbers and percentages and the comparison between groups was conducted by chi-square test. The cumulative incidence of all-cause mortality was calculated using the "Life table" method and cumulative mortality rates were compared with a log-rank test.
Hazard ratios (HR) and 95% confidence intervals (CI) of the incidence of all-cause mortality in relation to SBP levels were calculated for overall sample and sex stratified samples. Model 1 was an unadjusted model. Model 2 was adjusted for age, DBP, TG, LDL-C, HDL-C, FBG, BMI, hs-CRP, education level, physical activity, smoking status, alcohol consumption and use of antihypertensive drugs. In the overall sample, Model 2 was also used to control for the sex.
To further evaluate the associations between SBP and outcome in the sex stratified samples, HRs and 95% CIs were plotted. The plotted HRs were based on the covariate adjusted Cox proportional hazards model with a natural cubic splines transformation of blood pressure. We chose 116 and 162 mmHg as two knots basing on the maximum and minimum of SBP. Several sensitivity analyses were performed to examine whether the relationship between SBP and mortality was altered, excluding individuals with hypertension or diabetes mellitus history at baseline, those died within 1 year after baseline assessment or those with age ≥ 70, to examine whether the relationship between SBP and mortality was altered. Interactions between age, smoking status and SBP were tested respectively. Two-sided p-values <0.05 were accepted as statistically significant.
Results
Baseline characteristics
Of 126,847 working and retired employees, 4721 with a prior history of stroke, myocardial infarction, or cancer and 1944 without available data related to the study at baseline were excluded. A total of 120,182 participants were finally enrolled in this prospective cohort study, including 95,634 men and 24,548 women (Fig. 1) .
Differences in baseline participant characteristics across the six groups of SBP are presented in Table 1 . Participants with higher SBP were generally older, more likely to be men, used antihypertensive drugs and had higher levels of DBP, TG, LDL-C, HDL-C, FBG, BMI and hs-CRP. Statistically significant differences among the SBP groups were also found for the following variables: education, physical activity, smoking status and alcohol consumption (P < 0.01). These associations confirmed the need for adjusting variables that confound the associations of SBP with all-cause mortality.
Incidence of all-cause mortality in different groups of systolic pressure Overall, 5945 participants had all-cause death during an average follow-up of 7 years, including 5520 men and 425 women. There were 90, 731, 1972, 1719, 954 and 479 deaths among the six SBP groups, respectively, in overall sample, with cumulative mortality rates of 3.3%, 2.9%, 4.7%, 7.7%, 10.7% and 16.0%. The sex specific analysis revealed that men with SBP of 100-119 mmHg had the lowest cumulative mortality rate (3.7%) and women with SBP < 100 mmHg had the lowest cumulative mortality rate (0.9%) ( Table 2 ). Significant differences in the cumulative incidence rates of all-cause mortality were observed among the SBP groups in the overall sample and in sex stratified samples (χ 2 = 1772.8, P < 0.01 for the overall sample, χ 2 = 1336.8, P < 0.01 for men and χ 2 = 208.9, P < 0.01 for women). The survival plots, with the actual cases of survival in men and women, were respectively presented in Fig. 2a and b .
Hazard ratios for all-cause mortality in different groups of systolic pressure
In the unadjusted Cox proportional hazards analysis, groups of SBP ≥ 120 mmHg were all significantly associated with a greater risk of all-cause mortality compared with the reference group with SBP of 100-119 mmHg in the overall sample (all P values <0.05). Adjustment for the confounding factors confirmed the excess mortality risk in the groups of SBP ≥ 120 mmHg with 1.13-to 2.02-fold HRs (all P values <0.05) in Model 2. Interestingly, participants with SBP < 100 mmHg appeared to be at significantly higher risk of death (HR = 1.30, 95% CI 1.03-1.64) in Model 2. Moreover, participants with both lower (<100 mmHg) and higher (≥120 mmHg) SBP had a statistically significant trend toward an increased risk of mortality (P for trend <0.01) ( Table 2) . After controlling for all confounders, Model 2 indicated that compared with the reference group with SBP of 100-119 mmHg, men in the groups with SBP of <100, 120-139, 140-159, 160-179 and ≥180 mmHg continued to have a significantly higher mortality with HRs of 1.46 (95% CI, 1.14-1.86), 1.14 (95% CI, 1.04-1.26), 1.29 (95% CI, 1.16-1.44), 1.57 (95% CI, 1.38-1.79), 2.07 (95% CI, 1.76-2.43) (all P values <0.05, P for trend <0.01), respectively. However, among women, only the participants in the SBP groups of 140-159, 160-179 and ≥180 mmHg, compared with those in the group of 100-119 mmHg in Model 2, had a significantly increased risk for death with HRs of 1.44 (95% CI, 1.01-2.07), 1.63 (95% CI, 1.04-2.55), 2.31 (95% CI, 1.27-4.20) (all P values <0.05, P for trend = 0.017), respectively ( Table 2) .
We further conducted the natural cubic spline analysis with adjustment for covariates to confirm the J-shaped relationship between SBP and the outcome. The results revealed a J-shaped relationship between SBP and allcause mortality risk with increased hazard rates at low and high SBPs in the men (Fig. 3a) . The nadir SBP, where the risk of death was the lowest, was 110 mmHg in the men. However, there was no hint of a J-curve association of death with SBP in the women (Fig. 3b) . Notably, sex-based differences were observed.
Sensitivity analyses
After omission of 12,957 participants with pre-existing hypertension (Additional file 1: Table S1 ) or 3348 with pre-existing diabetes mellitus at baseline (Additional file 2: Table S2 ) or 238 who died within 1 year after baseline (Additional file 3: Table S3 ) or 9102 who were aged 70 or older (Additional file 4: Table S4 ), similar results were found in sex stratified samples after we had repeated all models. The J-shaped relationship between SBP and allcause mortality was recorded in the men, whereas this relationship was not found in the women. Interactions between age, smoking status and SBP were also tested (both P-values <0.001). Similar findings were shown in male adults aged 60 or older and male non-smokers (Additional file 5: Table S5 ).
Discussion
Our analysis indicated that the lowest all-cause mortality rate was in the SBP range of 100-119 mmHg in the men. Controlling for covariates, the risk tended to significantly increase with SBP either <100 mmHg or ≥120 mmHg. Because of the imbalance in sex distribution with more men than women in this cohort, a similar result was showed in the overall sample.
In the Framingham study, it was found that cardiovascular and total mortality depend on SBP in a continuously increasing manner [6] . The SPRINT trial has recently demonstrated that in hypertensive adults without diabetes, a SBP goal of <120 mmHg resulted in 25% and 27% reduction in cardiovascular events and mortality, respectively, compared with a SBP goal of <140 mmHg [16] . Both these studies partially supported our data. The ACCORD trial, Abbreviations: SBP systolic blood pressure, DBP diastolic blood pressure, TG triglyceride, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, FBG fasting blood glucose, BMI body mass index, hs-CRP high sensitivity C-reactive protein. TG and hs-CRP were converted by logarithmic transformation however, previously suggested that no significant reduction in cardiovascular events in patients with type 2 diabetes was achieved by tight lowering of SBP (<120 mmHg), compared with the standard group in which SBP remained above 130 mmHg. Differently, only patients with diabetes were enrolled in the ACCORD trial, whereas patients with diabetes were excluded in the SPRINT. However, the SPRINT has yet to determine the relationship between lower SBP (<100 mmHg) and overall death. Conversely, our data implied that SBP below 100 mmHg was related to the outcome with a 46% higher risk in men, providing evidence to address the controversial issue on the potential harms including all-cause mortality with lowering SBP beyond a certain threshold. Although the excess mortality rate was previously reported at low SBP levels by several studies, participants in these studies were majorly elderly individuals and had cardiovascular diseases [10, 11, [17] [18] [19] [20] [21] . To the best of our knowledge there was insufficient evidence from a relatively healthy population of Chinese adults. Our sex-specific analysis also demonstrated a continuous increase in mortality rates across the SBP groups for women. With adjustment for covariates, a significantly increased risk of death with SBP of ≥140 mmHg without any indication of greater risk among groups of SBP < 140 mmHg was recorded. Similar results were found by Port et al. [22] . In our study, it should be noted that SBP values of 120-139 mmHg and below 100 mmHg were both associated with increased risk in men rather than women. Indeed, there was a sex-dependent background risk of mortality that is independent of SBP [22] . Current evidence-based guidelines [1, 23] for the management of high blood pressure in adults mainly focus on age, ethnicity and co-morbidities but ignore sex-related effects. Clearly, there was more evidence for tight control of SBP (100-119 mmHg) in men than women in our models, whereas prospective trials to address safety and efficacy of different SBP goals for each sex with or without hypertension are essentially needed.
In our study, participants with higher SBP tended to be older, were more commonly male, generally used antihypertensive drugs and had higher levels of DBP, TG, LDL-C, HDL-C, FBG, BMI and hs-CRP. Other covariates, including education, physical activity, smoking status and alcohol consumption, were also found to be significantly different among the SBP groups. Thus, we need to adjust these covariates in Cox proportional hazards model to reduce bias in estimating the effect of SBP on the outcome. After adjustment for these covariates, we found that a Jshaped curve relationship with elevated risk both at lower (<100 mmHg) and higher (≥120 mmHg) SBPs exists between SBP and all-cause mortality in men even though those aged 70 or older were excluded, while a positive association of SBP with outcome was seen in women. Since the majority of participants were male, the incidence rates of mortality were similar in the general and male population. Moreover, age-specific impact on death independent of SBP might not be neglected. Our sensitivity analysis suggested that the J-curve relationship between SBP and death remained in male population aged 60 or older. Concordant with our results, Keys [7] argued that the relationship between SBP and overall death is non-linear in men. Two Korean studies have shown similar evidence on the J-shaped association between lower SBP (<100 mmHg) and all-cause mortality based on an aged population [12, 24] . Previous investigation in America indicated that all-cause mortality was higher in the low (less than 130 mmHg) than the middle (130-159 mmHg) SBP group for participants aged 65-79 years [20] . Another study showed that SBP bears a U-shaped relationship with the lowest mortality rate in the range of 120-139 mmHg among patients with heart failure [25] . The sensitivity analysis in the present study showed that the effects of SBP on mortality in relatively healthy population vary by sex, age and even smoking status, thus these factors should be taken into consideration when defining a systolic goal.
One of the most widely cited theories on the J-curve epiphenomenon is that it may reflect a severe and/or debilitating underlying chronic condition including hypertension and diabetes mellitus thereby increasing mortality [26, 27] . However, in the present study the sensitivity analyses revealed a similar result after exclusion of participants who were with pre-existing hypertension or diabetes mellitus at entry. This result suggested that lower SBP also increases the risk of death in relatively healthy male population. In addition, lower SBP may be a sign of heart failure or poor contractile reserve in the environment of decompensated or advanced left ventricular systolic dysfunction since SBP is dependent on cardiac output [11] . Flack et al. argued that a J-shaped relationship between SBP and mortality exists in elderly individuals during short but not during prolonged follow-up, attributable to low SBP near the time of death [28] . The sensitivity analyses in our study showed that exclusion of the participants with <1 year of follow-up did not alter the shape of the J-curve. Thus, low SBP may affect long-term outcome in relatively healthy population.
Our study has some strengths, including the prospective design, standardized criteria and protocols for assessing blood pressure which should minimize potential bias. We included a detailed follow-up with confirmation of mortality through reviewing medical records. More importantly, the sex-specific analysis showed a J-shaped relationship of SBP with all-cause mortality among Chinese males in the absence of any previous literature on this issue. However, our study also had limitations. Firstly, the sample was based on a single community rather than a nationally representative population, so our results may not be generalizable to all adults in China. Secondly, although we adjusted our analysis for baseline confounders, any unmeasured confounders could have been missed. Thirdly, we assigned the same SBP value in statistical analysis, which may have simplified and underestimated the actual association between SBP and the outcome. Finally, though it has been suggested that sex differences in various cardiovascular diseases could be influenced by sex differences [29] , the mechanism underlying the sex-specific association between all-cause mortality and SBP cannot be explained in our findings.
